Proper mechanical and electrical coupling of cardiomyocytes is crucial for normal propagation of the electrical impulse throughout the working myocardium.Various proteins on the surface of cardiomyocytes are responsible for the integration of structural information and cell-cell communication. Increasing evidence from diseased myocardium and animal models indicates that alteration in electrical coupling via gap junctions is a critical determinant in the development of an arrhythmogenic substrate. What is less clear is how gap junctions are maintained and regulated in the working myocardium. In this review, we present data from human disease and animal models that support the idea that cell adhesion proteins regulate the stability of the gap junction protein, connexin.
The normal cardiac electrical cycle begins with diastolic depolarization of the cells within the sinoatrial (SA) node which generates an action potential and spreads to depolarize the surrounding atrial myocardium. The electrical impulse is then conducted through the atrioventricular (AV) node, down the His bundle to the bundle branches and distributed to the working myocardium of the ventricles through the Purkinje fiber network. For proper excitation-contraction coupling to occur, electrical conduction must be precisely timed with the corresponding mechanical contraction. Therefore, efficient cardiac contractile function is highly dependent upon the coordinated mechanical and electrical activation of the myocardial tissue. In this regard, it is of the utmost importance that the structural integrity of the myocardium is tightly maintained; this is largely achieved by the end-to-end connections between myocytes called intercalated discs. The intercalated disc consists of three main junctional complexes: adherens junctions, gap junctions and desmosomes. The adherens junction provides strong cell-cell adhesion, which is mediated by the cadherin/catenin complex via linkage to the actin cytoskeleton. The gap junction provides intercellular communication via small molecules and ions that pass through a channel generated by a family of proteins called connexins. The desmosome provides structural support through interactions of desmosomal cadherins with the intermediate filament system. The different junctional complexes must be properly organized within the intercalated disc to mediate normal mechanical and electrical coupling between the individual cardiomyocytes in the heart to preserve normal cardiac function.
Sudden cardiac death (SCD) is generally the result of an abrupt ventricular tachyarrhythmia that compromises cardiac output to the brain and other organs. SCD claims almost 450,000 lives per year in the United States, adding considerable economic and personal costs to our health care system. Despite tremendous advances in the effective treatment of SCD using internal cardioverter defibrillators (ICDs), the incidence of SCD continues to rise. The reasons for the rising incidence of SCD with widely available ICDs are the result of multiple factors. One of the leading contributors to the increasing incidence of SCD is our inability to clearly identify all high-risk patients who will benefit from ICDs and emphasizes the fact that we do not completely understand the mechanisms underlying SCD. In addition, ICDs are not without fault as they are relatively expensive and like any mechanical device are prone to failure. Patients who have received an ICD may have societal restrictions placed upon their ability to operate a motor vehicle or obtain work in certain professions (e.g., welding). ICDs can also be a significant source of morbidity due to inappropriate therapy, post-implant infection and occasional need for lead/system revision. Therefore, a better understanding of the mechanisms contributing to SCD could lead to alternative therapies, which may reduce the need for ICD therapy and the associated costs. Aberrant cell-cell coupling through junctional complexes is observed in many of the major forms of human heart disease, as well as in experimental animal heart disease, which is associated with an increased risk of arrhythmias and SCD. [1] [2] [3] [4] [5] However, the molecular mechanism underlying cellular uncoupling in the heart with the subsequent development of cardiac electrical disorders and arrhythmogenesis is still poorly understood.
In this review we describe how the adherens junction protein N-cadherin regulates gap junction function in the working myocardium. In particular, we discuss recent findings that point to a central role for the N-cadherin/catenin complex in maintaining cardiac function and how perturbations of the normal interactions within this complex lead to disease.
Cell-Cell Coupling Mediated by the Cell Adhesion Protein, N-Cadherin
Most cells express multiple cadherin subtypes, for example, skeletal muscle expresses R-cadherin, M-cadherin and N-cadherin. In contrast, cardiac muscle depends upon only one classical cadherin, N-cadherin. N-cadherin is highly expressed by the developing and mature myocardium, where it is found predominantly in the fascia adherens of the transverse region of intercalated disks and in regions of close lateral contact between neighboring myocytes. 6 N-cadherin is also found in extrajunctional sites where it co-localizes with α-actinin in the peripheral Z-disks of the sarcomeres. 7 Classic cadherins, including E-, P-and N-cadherin, constitute a family of cell surface glycoproteins that mediate calcium-dependent adhesion. 8 The classical cadherins are single pass transmembrane proteins with five extracellular domains, a single transmembrane domain and one cytoplasmic domain. Through their homophilic binding and adhesive specificities, cadherins are thought to play a critical role in embryonic development and the maintenance of normal tissue architecture in the adult. A highly conserved cytoplasmic domain that associates with a family of cytoplasmic proteins called catenins, including α-catenin, β-catenin, γ-catenin (also known as plakoglobin) and p120ctn, defines the classic cadherins. Formation of the cadherin-catenin complex is required for cadherin-mediated cell adhesion, and it is believed that α-catenin, which binds to the cadherin-β-catenin or cadherin-plakoglobin complex, mediates linkage to the actin cytoskeleton (figure 1).
Initial attempts to understand the role of N-cadherin in the heart using genetically engineered mice were limited due to the fact that N-cadherin is required for embryonic development. Genetically engineered mice with a germline deletion of N-cadherin experience embryonic lethality shortly after implantation, accompanied by multiple embryonic abnormalities that include severe cardiovascular defects. 9 On the other hand, mice engineered to overexpress N-cadherin or misexpress E-cadherin in the adult mouse myocardium suffer from a dilated cardiomyopathy due to cadherin-mediated modulation of intercalated disc function. 10 We speculate that excess cadherin/catenin complexes compared with myofibrils may alter the contractile dynamics by changing the stoichiometry of the cadherin/myofibril connection leading to less efficient force transduction across the plasma membrane. 10 Chimeric mouse embryos derived from N-cadherin-deficient embryonic stem cells (genetically engineered mice where N-cadherin is completely deleted from some of the cardiomyocytes but fully expressed in the others) demonstrate that N-cadherin-null cardiomyocytes are excluded from the myocardium during development which emphasizes the importance of N-cadherin in myocardial cell-cell interactions. 11 Recently, we were able to take advantage of a cardiac-specific, inducible Cre transgene which allowed us to specifically delete N-cadherin in the adult myocardium after development was fully complete. 12, 13 Deletion of N-cadherin in these conditional knockout mice (N-cad CKO) resulted in loss of the intercalated disc structure (figure 2), including the adherens junctions and desmosomes. The mutant mice exhibited a modest dilated cardiomyopathy and impaired cardiac function, with most animals dying within 2 months after deletion of the N-cadherin gene. The animals exhibited no signs of heart failure prior to sudden death. In addition, decreased sarcomere length and increased Z-line thickness were observed in the mutant hearts by electron microscopy analysis (figure 2), which is consistent with loss of muscle tension because N-cadherin was no longer available to anchor myofibrils at the plasma membrane. Quantitative analysis of cardiac-gated magnetic resonance images demonstrated Figure 1 . Schematic representation of how the cadherin/catenin complex may interact with the gap junction protein, Cx43. The cytoplasmic tail of cadherin interacts in a mutually exclusive manner with either β-catenin or γ-catenin (i.e., plakoglobin). β-catenin or γ-catenin link cadherins to α-catenin and α-catenin can bind to the actin cytoskeleton. ZO-1 or another cytoskeletal protein functions as a cross-linker between cadherin/catenin complex and Cx43, thus stabilizing gap junctions at the plasma membrane.
significant reduction of left ventricular ejection fraction (approximately 25%) and cardiac output (approximately 50%) in the N-cad CKO mice compared with wild-type. This animal model provides the first demonstration of the hierarchical relationship of the structural components of the intercalated disc in the working myocardium, thus establishing the paramount importance of N-cadherin in maintaining the structural integrity of the heart. 12
Altered Gap Junction Function in the Pathogenesis of Cardiac Arrhythmias
Gap junctions are plaques of multiple intercellular channels that connect the cytoplasm of adjacent cells. An individual channel is created by stable, noncovalent interactions of two hemichannels, referred to as connexons. Each connexon is composed of six connexin proteins. A major role of gap junctions in the myocardium is to enable rapid and coordinated electrical excitation, a prerequisite for normal rhythmic cardiac function. In the mammalian heart, gap junction channels are mainly composed of three different types of connexin protein, Cx43, Cx40 and Cx45, whose expression is subject to spatio-temporal and species-specific regulation. Cx43 is the main constituent of cardiac gap junctions and in the rodent it is expressed in all atrial and ventricular myocytes. In the rodent heart Cx40 is expressed in atrial myocytes and in the AV conducting system, while Cx45 is expressed at significant levels only in the conductive system and the epicardial coronary arteries. The co-localization of different connexin proteins in gap junction plaques, observed immunohistochemically, probably reflects the formation of heterotypic or heteromeric gap junction channels. 14-17 Cardiac myocytes actively regulate the level of coupling they have to neighboring cells by multiple mechanisms, which include alterations in connexin expression, regulation of trafficking and turnover, and modulation of channel properties. In the diseased heart, Cx43 is often down-regulated, redistributed and preferentially lost from the intercalated disc. [18] [19] [20] Disturbances in the distribution of gap junctions and reduced levels of Cx43 occur not only in association with established infarct scar tissue in the human heart, but have been shown in experimental animals to be initiated rapidly after ventricular ischemia and infarction. 4, 21, 22 Alterations in connexin expression and spatial remodeling of gap junctions in regions bordering healing infarcts have been implicated in the development of slow, heterogeneous conduction and conduction block critical in reentrant arrhythmogenesis. 22 More widespread spectacular disordered arrangements of ventricular Cx43 gap junctions are an inevitable consequence of the haphazard myocyte organization characteristic of human hypertrophic cardiomyopathy, the most common cause of SCD due to arrhythmia. 23 Recent studies using genetically engineered mouse models have demonstrated a link between defective connexins and cardiac arrhythmias (table 1). Cx40 knockout mice exhibit atrial electrical abnormalities, as well as central conduction system defects. [24] [25] [26] Following atrial burst pacing, Cx40 knockout mice develop atrial tachycardia, suggesting that a loss of Cx40 can confer an increased susceptibility to atrial arrhythmias. 26 Recently, a rare genotype has been identified for two Cx40 polymorphisms that have been linked to clinical atrial standstill. 27 Atrial standstill is an extremely rare arrhythmia, characterized by the absence of electrical and mechanical activity in the atria. Mice with cardiac-specific loss of Cx43 have preserved cardiac structure and contractile function, but they uniformly develop SCD from spontaneous ventricular arrhythmias. Analysis of the epicardial activation wavefronts using optical mapping techniques in these animals demonstrates decreased ventricular conduction velocity and increased anisotropic conduction in these mice. 28 Mice engineered with a postnatal, cardiac-specific conditional deletion of Cx43 in their hearts manifest reduced conduction velocity and enhanced arrhythmogeneity. 29, 30 These findings suggest that in the setting of a general, heterogeneous decrease in gap junction expression, the heart becomes more vulnerable to arrhythmogenesis. The increased propensity of arrhythmogenesis in the setting of decreased gap junction expression is probably due to the loss in conduction velocity and increase in anisotropy that contributes to unidirectional block and slowed conduction within functional and/or fixed reentrant circuits. Cellular uncoupling, as a result of the loss of Cx43 gap junction channels, can unmask ectopic foci or trigger arrhythmias by enhancing the generation of early after-depolarizations, which then likely initiate arrhythmias due to functional reentry. 28, 31, 32 The Role of N-cadherin in Stabilizing Gap Junctions in the Heart Cardiac myocytes are electrically coupled by exceptionally large gap junctions, 33 which have presumably evolved to ensure that adequate electrical conduction is always maintained within the myocardium. Gap junctions in the heart are invariably located in close proximity to points of cell-cell adhesion within intercalated discs, which is also likely an evolutionary adaptation that acts to protect the gap junction from mechanical stress. Adherens junctions stabilize the plasma membrane of adjacent cardiomyocytes, which then helps to form an environment that is favorable for the formation and maintenance of large arrays of gap junctions. Several studies suggest that the principal adhesion molecule in the heart, N-cadherin, plays an important role in the formation and/or function of gap junctions. Intracellular injection of antibodies directed against N-cadherin inhibits dye transfer between Novikoff hepatoma cell pairs and the assembly of gap junctions. 34 In addition, expression of a mutant N-cadherin (which functions in a dominant negative fashion to suppress native N-cadherin function) in adult rat cardiomyocytes resulted in disruption of cell-cell contacts and disassembly of gap junctions in these cells. 35 Furthermore in our studies, cell surface expression of Cx43 is restored in N-cadherin-null embryonic cardiomyocytes after introduction of a cadherin transgene. 36 Another study showed that immunohistochemical analysis of dissociated adult rat ventricular myocytes reveals that the expected levels of N-cadherin, β-catenin and plakoglobin are present with only a small amount of connexin at early stages of culture (days 3 to 4). Gap junctions became evident only once complete adherens junctions had formed and in all cases the new gap junctions were immediately adjacent to the adherens junctions (culture days 6 to 12). 35, [37] [38] [39] Pulsatile stretch in neonatal rat ventricular myocytes markedly upregulated the expression of proteins that form electrical and mechanical junctions, as well as increasing propagation velocity. 40 Interestingly, the forced expression of α-catenin in a α-catenin-deficient prostate cancer cell line has been reported to rescue Cx43 trafficking to the cell surface. 41 Further studies in NIH3T3 cells have shown that Cx43 cell surface trafficking and gap junction formation are dependent on the co-assembly of Cx43 in a N-cadherin-containing multi-protein complex. 42 Taken together, these findings suggest that N-cadherin not only plays a critical role in regulation of cell-cell adhesion, but also connexin assembly, trafficking and functional gap junction cellular coupling.
Cardiac-specific Loss of N-cadherin Leads to Alteration in Connexins with Arrhythmogenesis
The propensity for cardiac arrhythmogenesis is determined by a complex interplay between multi-factorial modifiers, such as external environmental factors, neurohormonal modulation, the genetic background/presence of disease causing mutations, and presence or absence of structural heart disease. 43 For arrhythmogenesis to occur, both a suitable substrate (the disposing circumstances that allow perpetuation of the arrhythmia to occur) and a trigger (the event that initiates the arrhythmia within the substrate) need to be present simultaneously. 44 The mechanism by which depleting N-cadherin in the heart creates a substrate for ventricular arrhythmogenesis and SCD is probably also multi-factorial, but appears to be related to a loss of functional gap junctions with subsequent slowing in conduction velocity and an increase in tissue anisotropy. 13 We have shown that loss of N-cadherin in the heart alters connexin expression with loss of gap junctions from the cardiac intercalated disks that is associated with both spontaneous and inducible cardiac arrhythmias. 12, 13 We were able to document by telemetry electrocardiographic analysis that SCD in N-cad CKO mice was the result of spontaneous ventricular fibrillation in the absence of any clinical signs of heart failure ( figure 3) . Depletion of N-cadherin in the intercalated disc resulted in a significant decrease in both Cx43 (figure 4) and Cx40 in ventricular and atrial myocardium, respectively. Microscopic cellular heterogeneity of Cx43 expression in the absence of N-cadherin was shown by reduced aggregate number, size, intensity and percent area occupied by Cx43 immunofluorescence signal in N-cad CKO mice compared to the control mice. 13 The loss and heterogeneous redistribution of Cx43 in N-cad CKO mice was associated with an approximately 50% reduction in epicardial conduction velocity as well. This is of particular relevance since heterogeneous loss of Cx43 has been directly correlated with slowed epicardial conduction and an increased propensity for arrhythmogenesis in Cx43 CKO mice. 28 Many connexins, including those expressed in the heart, have been found to turnover quite rapidly. 45 The principal connexin expressed in the working ventricular myocardium, Cx43, is surprisingly short-lived (half-life=1.3 hours) in the intact adult heart. 46 Cx43 is phosphorylated when it forms an active gap junctional complex or channel at the cell surface 47 and it exists in a dephosphorylated state during trafficking/endocytosis within the cytoplasm. Enhanced degradation and turnover of connexins could reduce cell-cell coupling, slow conduction and promote reentrant arrhythmias. 45 By using specific antibodies directed against one isoform of dephosphorylated Cx43 and total Cx43, 48 as well as an antibody directed against N-cadherin, we were able to quantify the expression of Cx43 following the depletion of N-cadherin in the mouse heart over time by immunoblotting.
In this regard, we found that N-cadherin was significantly decreased by day 6 post-induction, reaching 20% of endogenous levels by day 25, while Cx43 expression was significantly decreased by day 15 and reaching 40% of endogenous levels by day 41. Interestingly, a significant increase (2.5 fold) in the dephosphorylated species was observed at day 6 consistent with increased turnover of the protein immediately following loss of N-cadherin. 13 This result suggested that although Cx43 in N-cad CKO heart is only reduced to about 40% of wild-type protein levels, the remaining Cx43 cannot be assembled into functional gap junctions at the intercalated disc in the absence of N-cadherin. Therefore, we interpreted these findings to suggest that it was the loss of functional gap junctions at the cell surface that contributes to electrical cellular uncoupling and the creation of a heterogeneous substrate in N-cad CKO hearts to support arrhythmogenesis.
A similar situation may be found during situations which induce acute myocardial ischemia where changes in electrical coupling have been correlated with a marked reduction in the amount of phosphorylated Cx43 (which normally comprises approximately 85% of the total Cx43 content) and accumulation of dephosphorylated Cx43 within the cells, suggesting a translocation of Cx43 from functional gap junctions at the cell surface into the cytoplasmic, intracellular pool. 49 Alterations in connexins have also been seen in nonischemic, dilated cardiomyopathy, where there appears to be an increase in dephosphorylated Cx43 with an increased distribution of Cx43 toward the lateral edges of the myocytes that results in gap junction dysfunction with conduction velocity slowing and arrhythmias. 50 These observations provide further evidence implicating changes in phosphorylation and distribution of cardiac connexins as a major contributor to arrhythmogenesis.
As a consequence of tissue anisotropy, conduction velocity and the safety margin for conduction differ in longitudinal and transversal directions relative to the myocardial fiber orientation and blockade of conduction in either the transverse or longitudinal fiber direction might have differential effects upon arrhythmogenesis. 44 In the normal heart there is usually greater cell-cell coupling and electrical conductance in a direction parallel to the long axis of the cardiac fiber (longitudinal) compared to the perpendicular (transverse) direction along the short axis of the fiber. These different conductive properties of the heart depend upon the orientation of the fibers and produce conduction anisotropy where action potentials propagate faster in the longitudinal direction compared to the transverse direction. Cardiac-specific deletion of N-cadherin in mice results in an increase in the anisotropy ratio (AR), which is longitudinal conduction velocity/transverse conduction velocity, where transverse conduction is more greatly reduced than longitudinal conduction with an increase in the AR. Most likely, increased AR in the N-cad CKO animals contributes to increased arrhythmogenesis by further promoting unidirectional block and slow conduction, on top of that induced by heterogeneous cellular uncoupling, similar to the results described in Cx43 CKO mice. 28, 29 Analogous to the finding that a reduction of Cx43 in the ventricular myocardium increases the propensity for ventricular tachyarrhythmias in N-cad CKO mice, these animals also have an increased propensity for induced atrial arrhythmias with a parallel, heterogeneous reduction of Cx40 and Cx43 within the atrial myocardium. The mechanism underlying the propensity for induced atrial arrhythmogenesis in this model is likely similar to that for the ventricular arrhythmias and related to the loss of the corresponding major connexin protein from the respective cardiac chamber. 13
Protein Interactions at the Intercellular Junction and Cardiac Arrhythmogenesis
The importance of maintaining cell junction integrity was recently highlighted by the findings that mutations in the genes encoding plakoglobin and desmoplakin have been linked to an inheritable disorder known as arrhythmogenic right ventricular cardiomyopathy (ARVC) (table 1). Patients with ARVC are characterized by fibrofatty replacement of the right ventricular myocardium with a propensity for sustained ventricular tachycardia and SCD. It is estimated that over 1 million individuals worldwide are afflicted by ARVC, therefore ARVC is a relatively uncommon clinical disease. However, the fact that disease causing loci have been linked to mutations in several components of the cell adhesion complex in ARVC, understanding the link between cell adhesion complex dysfunction and arrhythmogenesis in ARVC has broader implications for understanding arrhythmogenesis in the more common diseases associated with cardiomyopathy. Plakoglobin, also known as γ-catenin, is a component of both adherens junctions and desmosomes in cardiac myocytes where it functions as an intracellular linker protein responsible for connecting adhesion molecules in cell-cell junctions to components of the cytoskeleton. 39 Naxos disease, which is caused by a recessive mutation in plakoglobin, is associated with a high incidence of cardiac arrhythmias and SCD. Afflicted individuals usually present with dermatological abnormalities, including nonepidermolytic palmoplantar keratoderma and wooly hair. The disease causing mutation in Naxos disease is a deletion of nucleotides 2157 and 2158 in plakoglobin, which introduces a premature termination of translation and truncates the carboxyl terminus of the plakoglobin protein by 56 amino acids. It was recently demonstrated that Cx43 levels are significantly decreased in the hearts of Naxos patients, including a young patient who did not exhibit clinical or pathological features of structural heart disease. 51 Another familial cardiocutaneous syndrome, Carvajal syndrome, was first described in 1998 by Dr. Luis Carvajal-Huerta. 52 Carvajal syndrome is caused by a recessive mutation in the gene encoding desmoplakin and, like plakoglobin, desmoplakin is an intracellular protein that links desmosomal cadherins to the cytoskeleton. 39 The disease causing mutation that has been identified in desmoplakin consists of a single nucleotide deletion (7901del1G) leading to a premature stop codon and a truncation of the carboxyl tail of the protein. 53 Similar to Naxos disease, a recent pathological analysis of hearts from patients with Carvajal syndrome reported diminished expression of Cx43, in addition to loss of plakoglobin, at the intercalated disc. 54 Interestingly, two dominant forms of ARVC without cutaneous abnormalities have recently been attributed to mutations (Ser299Arg and 2034insA) in desmoplakin. 55, 56 The Ser299Arg mutation (a point mutation) affects a putative phosphorylation site in the amino terminal domain of desmoplakin, which is thought to contribute to its interaction with plakoglobin. 56 The 2034insA mutation (a single adenine insertion) causes a frameshift and introduction of a premature stop codon with truncation of the carboxy terminus, which is postulated to disrupt intermediate filament binding and may account for the predominant left-sided ARVC phenotype. An additional homozygous missense mutation in desmoplakin that has been linked to ARVC was reported in 2003. 57 This mutation is single nucleotide substitution leading to a Gly2375Arg substitution in the carboxyl terminus of the protein, which is postulated to interact and bind to intermediate filaments. Therefore, evidence supports the postulation that mutations affecting proteins within the junctional complexes linked to ARVC most likely interfere with the linkage between these intercellular adhesion molecules, cytoskeleton and connexins leading to increased arrhythmogenesis in these patients.
Recently, mutations in the desmosomal protein plakophilin-2 have also been linked to ARVC. 58 Mutations in the plakophilin-2 gene appear to be the most common ones associated with ARVC and are distributed throughout the gene and which include insertion-deletion, nonsense, missense and splice site mutations. 58 The plakophilins are located in the outer dense plaque of the desmosome and link desmosomal cadherins with desmoplakin and the intermediate filament system. 59 The lack of plakophilin-2, or incorporation of mutant plakophilin-2, into cardiac desmosomes may impair cell-cell contact and disrupt adjacent cardiomyocytes, particularly in response to mechanical stress. The development of myocardial fibrofatty degeneration in ARVC also contributes fixed regions of scar, with intrinsic variations in conduction properties that contribute to reentrant arrhythmias; these regions of altered conduction may be the result of impaired myocyte coupling due to abnormal junctional protein interactions. 58 Therefore, it appears that defective linkage between desmosomes and the intermediate filaments (e.g., desmin) may have an additional effect upon the formation and maintenance of electrical junctions in the heart which, in turn, could contribute to conduction abnormalities and promote arrhythmogenesis.
Transient Triggers or Modifiers Promote and Enhance Arrhythmias
The spontaneous development of a lethal cardiac arrhythmia may be regarded as a stochastic event that arises from complex interactions between relatively fixed anatomic and functional substrates and transient triggering events. 60 The triggering event could be induced by events such as acute ischemia, changes in neurohormonal activation, electrolyte abnormalities or other transient stresses which increase the risk of spontaneous lethal arrhythmias. In the case of ischemia-induced ventricular fibrillation, the triggers arise most often from timely administrated or spontaneous premature ventricular complexes that can be reentrant or non-reentrant in origin. 44 Coronel et al 61 found that the number of premature ventricular complexes were larger in working hearts than in isolated nonworking hearts. The triggers are initiated at the interface between the ischemic and the viable tissue and premature beats occur preferentially following potential contractions in the viable myocardium. In fact, decreased expression of vinculin/metavinculin in heterozygous vinculin mice has been linked to abnormal myocyte structure and stress-induced cardiomyopathy. 62 Vinculin and its cardiac/smooth muscle-specific isoform metavinculin are protein components of intercalated discs, structures that anchor thin filaments and transmit contractile force between cardiac myocytes. Recently, three heterozygous metavinculin mutations were found in patients with dilated cardiomyopathy 63, 64 and hypertrophic cardiomyopathy. 64 In the absence of secondary stimuli, Cx43 heterozygous-null mice, which express only half the normal amount Cx43 in their hearts, do not develop spontaneous ventricular arrhythmias. These animals have normal longevity and exhibit only a subtle phenotype characterized by modest slowing of ventricular conduction velocity without apparent abnormalities in cardiac structure or function. 65 However, when acute ischemic injury is superimposed on the modest coupling defect produced by Cx43 deficiency, there is a marked increase in the incidence, frequency and duration of ventricular tachyarrhythmias. 66 These data suggest that moderate diminutions of Cx43 expression or a modest coupling defect may be insufficient to create a highly arrhythmogenic substrate, but it may promote and enhance arrhythmias in response to acute ischemia or other secondary insults. It has been reported that Cx43 may be down-regulated by 25% to 50% in patients with chronic ventricular dysfunction and this may partially explain why such patients are at higher risk for suffering SCD. 18, 67 Thus, future studies in genetically engineered animal models are likely to be particularly informative in defining the role of specific gene products which contribute to the development of both arrhythmogenic triggers and substrates of which the structural linking proteins appear to be intimately involved.
Similar to Cx43-/+ animals, studies in our heterozygous N-cadherin knockout mice revealed no significant differences in electrocardiogram or intracardiac electrophysiological parameters compared to the control mice. However, heterozygous N-cadherin animals did exhibit increased vulnerability to inducible tachycardia (J.L., V.V.P. and G.L.R., unpublished data). Interestingly, there was a 2-fold increase in dephosphorylated Cx43 in heterozygous hearts accompanied by a modest decrease (approximately 10%) in total Cx43 protein. This observation suggested that reduction of N-cadherin (e.g., haploinsufficiency) contributes to arrhythmogenesis and conduction disturbances by affecting gap junction structure and function. We will further examine how treadmill-induced stress enhances cardiac arrhythmia in the N-cadherin mutant mice and if it affects phosphorylation status of Cx43. Study of the heterozygous N-cadherin mice, which may serve as a model of arrhythmogenesis in patients who do not present with an overt cardiomyopathy, may provide insight into the mechanism of arrhythmogenesis in diseased myocardium.
Future Direction
Recognizing and understanding the contribution of the cardiac substrate to arrhythmogenesis is critical for the pathologic analysis of SCD, but this can only be accomplished by also understanding the complex, dynamic interactions between substrates and transient triggers. 68 So far, N-cadherin mutations have only been studied in animal models, but these studies have provided evidence that cell adhesion molecules mediate both mechanical and electrical coupling between myocytes which when perturbed leads to an arrhythmogenic substrate. It appears that N-cadherin mediates these effects predominately through its regulation of cardiac gap junctions. Future human studies will be required to elucidate the role of N-cadherin in arrhythmogenesis and mechanisms responsible for arrhythmogenic cardiomyopathy and sudden death. It will be interesting to determine which components of the cadherin/catenin complex are important contributors to cardiac arrhythmias in disease and how the adherens junction may arise as a novel target for therapy in the prevention of SCD.
Recently, a novel peptide, ZP123, has been reported to stimulate gap junction intercellular communication between cardiomyocytes 69-72 and human osteoblasts. 73 ZP123 was shown to promote electrical coupling between ventricular myocytes and reduce the rate of inducible ventricular tachycardia during acute ischemia in dogs, suggesting an antiarrhythmic effect associated with the targeting of gap junctions. 74, 75 Interestingly, ZP123 was also reported to prevent conduction velocity slowing and heterogeneous repolarization and eliminate arrhythmogenic substrates. 76 Most recently, ZP123 was reported to suppress dephosphorylation of serine297 and serine368 in gap junction protein, Cx43 and to significantly increase the time to ischemia-induced asystole. 77 It will be interesting to determine whether ZP123 increases intercellular coupling to prevent induced ventricular tachycardia in N-cadherin haploinsufficient mice.
